In Situ Growth Rate Measurement of Selective LPCVD of Tungsten by Holleman, J. et al.
In Situ Growth Rate Measurement of Selective 
LPCVD of Tungsten 
J. Holleman, A. Hasper, and J. Middelhoek 
Department of Electrochemistry, University of Twente, 7500 AE Enschede, The Netherlands 
ABSTRACT 
The reflectance measurement  during the selective deposit ion of W on Si covered with an insulator grating is proven to 
be a convenient  method to monitor  the W deposition. The reflectance change during deposit ion allows the in situ meas- 
urement  of the deposit ion rate: The influence of surface roughening due to either the W growth or an etching pretreatment 
of the wafer is modeled, as well  as the effect of selectivity loss and lateral overgrowth. 
A grating has been successful ly used in the past to moni- 
tor in situ the etch rate of, e.g., Si for dry trench etching 
(1-3). 
W can be deposited selectivity by means of LPCVD 
using the reduct ion reaction of WF6 by either Si, H2, or 
Sill4 (4, 5). 
The reaction condit ions can be chosen so that W does 
not deposit  on insulators l ike SIO2, Si3N4, etc., but only 
grows on (semi-)conductors like Si and A1 (4, 6-8). 
When W is deposited on a grating structure as presented 
in Fig. 1, the reflectance will change during deposit ion due 
to the changing diffraction caused by the moving W sur- 
face. The distance between the max imum and a min imum 
in reflectance is related to M4, with k the wavelength by 
which the reflectance is measured. 
Theory 
The reflectance (R) of a mult i layer stack is given by 
R = Irl s = (E1-/EI+) 2 [1] 
where E,- and E, + are, respectively, the amplitudes of the 
reflected and incident electric field vector at the first inter- 
face, r is the Fresnel  reflection coefficient of the mult i layer 
stack. With more mult i layer stacks side by side on the 
same surface the reflectance is given by 
R = [EFiri exp (j~)[2 [2] 
where F~ is the surface fraction covered by layer stack i, r, 
is the Fresnel  reflection coefficient of this stack, 5~ is equal 
to 4 7rhi/~, hi is the height difference between the surface of 
layer stack i and a reference level and ~ is the wavelength. 
Equat ion [1] can be calculated using a matr ix method 
(9, 10). A code was developed to calculate Eq. [2]. 
For the case that W is growing selectively on Si partially 
covered with an insulator it is convenient  o take the Si 
surface level under the insulator as a reference level. 
When the growing layer is suffering from roughness, 
which is the case for the W deposit ion (11, 12), the Fresnel  
reflectance of this stack is changing (12, 13). When the solid 
angle of observance is <0.03 sr the Fresnel  reflectance of a 
rough surface is given by (13) 
r = f~| r(z) 9 f ( z )  exp [-4~rj(z/k) cos ~]dz [3] 
where r(z) is the Fresnel  reflection coefficient at the given 
angle of inc idence (4) of a smooth surface covered with W 
thickness z. 
The effect of the growing W surface, whose roughness is 
increasing with W thickness (11, 12) on the total reflectance 
can be simulated by subdividing the W surface fraction in 
subfractions with variable thickness. The W surface sub 
fraction Fwa b with thickness between a and b can be found 
by integration of the thickness density function f (z) 
Fwab = f~ f (z)dz [4] 
The average thickness dFwab in the sub stack Fwab is given 
by 
f;, //? dr~,b = (z)zdz (z)dz [5] 
a a 
Experimental 
Si wafers, p-type (1.0.0) 10 ~ cm were oxidized to 820 nm. 
A 5 ~m grating was etched in the oxide using standard 
photol i thography and plasma RIE etching with CHF3, fol- 
lowed by a CF4 + 02 plasma etch in order to remove 20 nm 
of Si, which is the depth of the damage and H implant 
caused by the CHF3 plasma. After photoresist removal  and 
prior to loading into the reactor the wafers were dipped in 
a 1% HF solution in order to remove the native oxide on 
the Si. The final thickness of the oxide was 800 nm. The 
grating dimensions after etching were: Si:SiO2 = 5.25: 
4.75 ~m, so in Eq. [2] Fsio2 = 0.475 and Fsi = 0.525. 
W was deposited in a single-wafer cold wall reactor with 
in situ reflectance measurement  capabilities. A schematic 
drawing of the system is presented in Fig. 2. The reflec- 
tometer  l ight source is a xenon arc lamp. Both input and 
output fibers have a pinhole diaphragm at the end in order 
to keep the spot and the angle of observance small 
(<0.01 sr) The photomult ip l ier  output is fed into a com- 
puter with a phase-locked loop (PLL) amplif ier on board. 
W was deposited selectively on the Si part of the grating 
in a two-step process. 
1. An initial W layer was formed by the self-l imiting Si 
reduct ion reaction 
3Si + 2WF6 = 2W + 3SiF4 [6] 
The initial layer thickness of the self:stopping Si reduct ion 
reaction as measured by the weight change of an unpat- 
terned wafer was found to vary between 20-30 nm. This W 
layer consumes a Si layer which is twice the resulting W 
thickness (15). The growth rate of this initial layer is not 
constant but  gradually becomes zero when the self-stop- 
ping thickness has been reached. 
2. The initial layer was increased in thickness by either 
the H~- or SiH4-reduction process 
WF6 + 3H2 = W + 6HF [7] 
2WF8 + 3Sill4 = 2W + 3SiF4 + 6H2 [8] 
In one case the wafer was etched in situ in order to remove 
the native oxide with an afterglow NF3 plasma followed by 
the deposit ion of W via the Sill4 reduct ion process without 
deposit ion of the self-l imiting Si-reduction process. 
Experimental Results, Simulations, and Discussion 
In order to simulate the reflectance relation during the 
initial layer formation we used the island growth model  as 
presented elsewhere (12, 16). After the initial layer has 
been formed we assumed that further growth proceeds 
through layer by layer growth via either reaction [7] or [8]. 
The reflectance-thickness relation is calculated for ~ = 400 
5 A~rn 5 ~ Silicon 
Fig. 1. Schematic drawing of the Si02 on Si grating. 
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Fig. 4. Measured reflectance vs .  time. The W is deposited in a two- 
step process. The initial layer is deposited via reaction [6], the remain- 
der by reaction [8]. 
Fig. 2. Schematic drawing of the single-wafer cold-wall reactor with 
reflectometer setup. 
nm and X = 600 nm assuming  an rms  roughness  (a) of 3% 
and 7% which  is character ist ic  for the Sill4 and  H2 process,  
respect ive ly  (12). Optical  data were taken  f rom (17, 18). The 
s imulat ions  are presented  in Fig. 3 (a-d). 
Note that  the max imum ampl i tude  decreases and that  
the min imum ref lectance increases due to the increas ing 
surface roughness .  We mon i to red  the ref lectance at X = 400 
and 600 nm dur ing  react ion [6] fol lowed by react ion [8]; the 
results  are presented  in Fig. 4 a, b. 
The  ref lectance is p resented  normal ized to the reflect- 
ance at t ime t = 0. The ref lectance change dur ing  the Si re- 
duct ion  react ion is shown from t = -60  s to t = 0. The Si 
reduct ion  starts after an induct ion  period. After some t ime 
the W layer no longer  increases in th ickness  because this  
react ion is self- l imiting. The ref lectance then  no longer 
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Fig. 3. Simulation of the reflectance as a function of the W thickness 
on a grating with Fs io2  = 0.475 and Fsl = 0.525. The oxide thickness is 
800 nm. The first 20 nm were assumed to be deposited via reaction [6], 
which includes Si consumption. The remainder was assumed to be de- 
posited via either reaction [7] or [8]. 
changes.  At  t = 0 the Sill4 reduct ion  starts; again a t ime lag 
can be observed.  The first induct ion  per iod may be attr ib- 
u ted to the nat ive oxide, and  indeed we found larger in- 
duct ion  periods when the native oxide was intentionally 
increased in thickness by a chemical treatment. The origin 
of the second induction period may be the accumulation of 
contaminants after the W surface is formed by the Si re- 
duction since the reactor system is a high vacuum system 
only. With base pressures in the 10 -6 torr range one might 
expect a monolayer of contaminants in a time length of a 
few seconds. The Sill4 reduction then starts with nuclei 
formation which may be the source of the observed delay. 
The real value in terms of reflectance can be calculated 
when we compare the photomultiplier output between a 
blank Si wafer and the specimen under study. For blank Si 
wafers we found at k = 400 nm the photomultiplier output 
to vary between 0.75 and 0.95. These variations may be 
caused by wafer bow and irreproducible susceptor posi- 
tioning. We therefore prefer to present the reflectance in 
a.u. For comparison between calculation and measure- 
ment we calculated the value of an a.u. In Fig. 4a, 
I a.u. = 0.093 on the reflectance scale. We must, however, 
keep in mind that based on the arguments mentioned 
above the accuracy is not better than 10%. If we  compare 
the results presented in Fig. 4 with the simulations pre- 
sented in Fig. 3 a and b we may conclude that the mini- 
mum reflectance is much higher in the X = 400 nm case 
and that the amplitude becomes lower after selectivity loss 
was observed visually. Note that in Fig. 3 the reflectance is 
plotted against thickness whereas in Fig. 4 it is plotted 
against time. 
The high min imum reflectance is probably caused by 
scattering. This could, for example, be the 800 nm oxide 
step which hinders higher order reflections. Multiple re- 
flections at these steps which are not taken into account in 
the Kirchhoff theory may cause such deviations. Also a 
rough surface can cause the effects as was demonstrated in 
the simulations presented in Fig. 3. In order to explain the 
effect, an rms roughness of 50 nm has to be assumed as we 
can conclude from Fig. 5, where we calculated the maxi- 
mum and min imum reflectance as a function of the rms 
roughness. The same roughness would not have such a 
serious effect in the case of a higher wavelength (compare 
Fig. 5a with 5b) and in fact the experimental result of the 
X = 600 nm experiment does indeed not suffer that much 
from too high min imum reflectance. A roughness of 50 nm 
however was not observed by SEM observations after the 
plasma etching proeedure which forms the grating in the 
oxide. It may however also be the case that we  are dealing 
with a long range variation in the Si or SiO~ surface level. 
The selectivity loss can be seen in Fig. 6 which is a SEM 
photograph taken from the X = 400 nm experiment. Nearly 
full selectivity loss can be observed. The W on the SiO2 sur- 
face consists of hemispheres (more clearly visible in the in- 
sertion in Fig. 6) and the typical radius of the hemispheres 
can be estimated at about 250 nm with G about I00 nm. If 
we  assume that the radius of the hemispheres grow with 
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Fig. 5. The maximum and minimum reflectance vs. the rms roughness. 
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Fig. 7. Simulation of the reflectance including selectivity loss and an 
initial roughness of 50 nm. 
the  same rate as the W on the Si surface, then  we can calcu- 
late that  the onset  of select ivity loss started when the W 
th ickness  was about  400 nm. 
We calculated the effect of select ivity loss on the reflect- 
ance wi th  the est imates  der ived f rom Fig. 6 and an appar-  
ent  init ial  roughness  of 50 nm. The select ivity loss can be 
s imulated by a l lowing a W/SiOJSi  stack to grow in vert ical  
and  lateral  d imens ion  at the  expense  of the  S iQ/S i  stack. 
A Gauss ian  d is t r ibut ion  of the roughness  was assumed for 
both  the W on Si and  the W on SIO2. 
The results  are presented  in Fig. 7 a and  b for X = 400 and 
600 nm, respectively.  This agrees wi th  the exper iments .  
In situ NF3 plasma cleaning.--The reactor  is c leaned in 
an afterglow NF3 p lasma after each deposit ion.  The availa- 
bi l i ty of such an afterglow p lasma also al lows us to c lean 
the wafer  in situ in the  reactor  jus t  pr ior  to the start  of the  
depos i t ion  sequence.  It was found that  such a t reatment  
strongly extends  the  per iod of select ive deposit ion.  A dis- 
advantage is that  this  p lasma not  only etches the oxide but  
also and even  s t ronger  the St. The Si e tch ing  is very irregu- 
lar as can be seen in Fig. 8. The  NF3 p lasma t reatment  is 
still under  s tudy and  more  detai ls will be presented later. 
The ref lectance-t ime r lat ion dur ing  the deposi t ion via 
react ion [8] only was measured,  and the results  are pre- 
sented in Fig. 9. 
The SEM photograph (Fig. 10 a and b) cor respond ing  
wi th  the result  p resented  in Fig. 9 was taken  at an angle of 
30 ~ with  respect  o the normal .  F rom Fig. 10 the fol lowing 
conc lus ions  can be drawn:  
i. The  W th ickness  is 2.1 ~m which  is in agreement  w i th  
the reflectance measurement  prov ided  that we  assume 
that the smal l  reflectance change dur ing  the first minute  is 
not  due  to an  induct ion  per iod but  due  to a very  smal l  am-  
pl itude caused  by  a rough surface w i th  rms  > I00 nm.  
F rom Fig. 8 we may indeed conc lude  that the roughness  
after the NFs  c lean is large. 
2. The  ox ide  th ickness  in this case was  700 nm,  in agree- 
ment  w i th  e l l ipsometer data. 
3. The  lateral overgrowth  starts when the grating is com-  
pletely filled. The  lateral g rowth  rate is equa l  to the vertical 
g rowth  rate. 
4. The  amount  of Si e tched  by  the NF  3 p lasma is about  
0.3 t~m. 
5. W hemispheres  on the oxide have a typical  radius of 
0.6 t~m, ind icat ing that  selectivity loss on the oxide started 
at a W th ickness  of about  1.5 ~m. 
6. The init ial  surface roughness  caused by the NF3 
p lasma and vis ib le in Fig. 10a where  part  of the W was 
peeled off, is not  repl icated in the W. 
F rom Fig. 9 it can be seen that  the  ampl i tude  increases 
wi th  th ickness  from near]y zero to a max imum and then 
decreases again, the  min imum ref lectance decreases con- 
t inuously;  also note that  the d istance between min ima and 
max ima increases when the th ickness  of the  W is beyond 
1 ~m. The growth  rate as calculated f rom Fig. 9 is pre- 
sented in Fig. 11. The phenomenon of growth rate decay 
can be at t r ibuted to select ivity loss on the susceptor  wh ich  
was observed  visual ly after about  2.5 min. It is also the 
po int  where  the lateral overgrowth  starts. The surface con- 
centrat ion  of reactants  depends  on the total  reactant  con- 
suming  area as was found earl ier for the H2 chemist ry  
(19, 20). The Sill4 surface concent rat ion  especial ly is of im- 
por tance  s ince the  rate of  react ion [8] is l inear  proport ional  
w i th  the Sill4 concent rat ion  (5). 
In order  to unders tand  at least qual i tat ively the shape of 
the  ref lectance character ist ic  n Fig. 9 we s imulated the re- 
f lectance under  the fol lowing assumpt ions :  
1. The init ial rms  surface roughness  due to the NF3 
p lasma t reatment  and  due to other  sources as ment ioned 
earl ier was assumed to be 100 nm. This roughness  is as- 
Fig. 6. Cross-sectional SEM photograph taken from the experiment 
presented in Fig. 4a. The specimen was tilted 30 ~ with respect o the 
normal. The insertion shows the hemispheres on the oxide from a speci- 
men which was stopped in an earlier stage at 0 ~ tilt with respect to the 
normal. 
Fig. 8. SEM photograph of the Si surface after 15 s of an in situ NF~ 
plasma clean. The specimen is tilted 60 ~ with respect to the horizontal. 
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Fig. 9. Measured reflectance during W deposition via reaction [8]. 
Pretreatment: 15 s of in situ NF3 plasma clean. 1 a.u. = 0.087. 
sumed to be build up of rectangular corrugations. The neg- 
ative corrugations are assumed to become completely 
filled by the W when a W thickness of 1.0 ~m has been 
reached. No statistical variation of the lateral dimension of 
the corrugations i assumed. 
2. The roughness of the W layer itself is assumed to be 
3% of the W thickness. 
3. The oxide thickness is 0.7 ~m. 
4. The amount of Si etched is assumed to be 0.3 ~m. 
5. Lateral overgrowth starts at a thickness of 1.0 ~m; 
this is when the W thickness equals the S iQ  thickness 
plus the amount of etched St. 
6. No selectivity loss on the oxide is assumed. 
The result of this simulation is presented in Fig. 12 and 
shows that the assumptions stated above fit the observa- 
tion. An initial rms roughness of 120 nm would have fitted 
better and would have explained the low reflectance 
change during the first 60 s. The goal of the calculation pre- 
sented in Fig. 12 was however not to get quantitative 
agreement with the measurement but to understand the 
effect of smoothing and_lateral overgrowth. Note that in all 
simulations the reflectance is plotted vs. thickness 
whereas the measured reflectance is plotted against ime. 
Fig. 10. Cross-sectional SEM photograph of the experiment pre- 
sented in Fig. 9. (a, top) 0 ~ tilt; (b, bottom) 30 ~ tilt with respect to the 
normal. 
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Fig. 11. Growth rate on a grating vs. W thickness. WF6 = 40 sccm, 
Sill4 = 30 sccm, Ar = 1.5 slm, temp. -- 300~ p = 0.2 torr. 
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Fig. 12. Simulation of the reflectance during W deposition via reac- 
tion [8], further assumptions can be found in the text. 
Conclusions 
The feasibility of the in situ growth rate measurement of 
selective W has been demonstrated. The effect of surface 
roughness, selectivity, and later overgrowth on the re- 
flectance is understood. A decreasing rowth rate during 
the deposition process was measured, which may be re- 
lated to an increasing surface area where deposition oc- 
curs. The increasing surface area may be related to lateral 
overgrowth and selectivity loss. 
The method can also be applied for other selective depo- 
sition schemes. 
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Composition, Growth Mechanism, and Oxidation of Anodic 
Fluoride Films on Hgl-xCdxTe(x 0.2) 
Eliezer Weiss 1 and C. R. Helms* 
Department of Electrical Engineering, Stanford University, Stanford, California 9~305 
ABSTRACT 
Fluoridic films produced by the anodization of Hg~_xCd~Te (x - 0.22) surfaces in nonaqueous solutions were charac- 
terized by Auger electron spectroscopy, x-ray photoelectron spectroscopy, and electron microprobe analysis. The films 
consist of three distinct regions. A thick uniform region, containing the fluorides of cadmium, mercury, and tellurium, and 
HgTe, is covered by a thin CdF2 layer. The third region--the film-substrate interface---poor in mercury, consists mainly of 
CdF2 and TeF4. Using ultra-thin Pd marker layers and growth from baths saturated in CdF2 it is shown that these anodic 
films are grown by two mechanisms: the dominant one occurs by motion of the film-substrate interface into the semicon- 
ductor, consuming the original surface. There is,h~)wever, some growth at the film-electrolyte interface which forms the 
thin CdF~ layer on top of the structure. This second mechanism has a crucial effect on the stability of the film against oxi- 
dation. The CdF2 rich region acts as a diffusion barrier for the in-diffusion of oxidizing species. Tellurium ions, on the 
other hand, diffuse to the outer surface to be oxidized there. 
Recently Weiss and Mainzer reported the passivation of 
Hgl-xCdxTe surfaces by growing anodic layers from fluo- 
ridic solutions (1, 2). The use of anodic fluoridization or 
fluoro-oxidation is advantageous because the resulting in- 
terfaces are relatively thermally stable. Moreover, this 
method also reduces the surface recombination velocity 
and enables the adjustment of the amount of band bend- 
ing at the surface of Hgl-xCdxTe infrared detectors. 
The films were grown anodically in either aqueous or 
nonaqueous solutions of KF or KF + KOH in ethylene gly- 
col (EG). An anodic fluoride, free of oxygen, is grown from 
nonaqueous solutions. Even low hydroxyl ion concentra- 
tion in an aqueous bath causes the growth of an anodic 
fluoro-oxide, consisting of an oxide and small amounts of 
fluorides (1). An analysis, using a low-energy proton in- 
duced nuclear eaction, which is very sensitive to fluorine 
atoms, showed that in both cases fluorine is accumulated 
at the film-semiconductor interface and on the film surface 
(2). It was stated that the anodic fluoride is composed of 
cadmium fluoride in a matrix of tellurium, cadmium, and 
mercury. Voltage vs. time (V-t) curves recorded uring the 
anodic growth of fluorides and fluoro-oxides are similar to 
those obtained in the growth of anodic oxides on 
Hgl ~CdxTe, in contrast o those obtained for anodic sul- 
fides (1, 2). It is believed, therefore, that the anodic fluoride 
films are grown by a mechanism similar to that of the 
anodic oxide. 
The objective of the present work is to further character- 
ize the anodic fluoride films on Hgl_=Cd=Te in terms of 
their composition, growth mechanism, and post-growth 
oxidation. We have concentrated in this work only on the 
anodic growth in nonaqueous solutions of KF. That is, on 
the anodic fluoridization as opposed to the fluoro-oxi- 
dation process. Our approach as emphasized the use of 
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several techniques in order to answer the various ques- 
tions concerning these films. Auger depth profiling was 
employed to monitor the changes of the composition of 
the fluoride films. The chemical nature of the films was de- 
termined from studying the chemical shifts and line shape 
changes in both the Auger electron spectroscopy (AES) 
and the x-ray photoelectron spectroscopy (XPS) analyses. 
An electron microprobe was used to quantitatively analyze 
the films. 
We found the anodic film consists of three distinct re- 
gions: cadmium fluoride-rich layers accumulate at both in- 
terfaces of a thick uniform region, which consists of the 
fluorides of all three constituents of the substrate m- 
bedded in mercury telluride. The whole structure is 
covered with a thin layer of TeO2, due to oxidation by 
water vapor. The film is grown by two mechanisms: the 
dominant one occurs by the motion of the film-substrate 
interface into the semiconductor, consuming the original 
surface. There is, however, some growth at the film-elec- 
trolyte interface which forms the thin CdF2 layer on top of 
the structure. It turns out that this second mechanism has 
a crucial effect on the stability of the film against oxida- 
tion. Films which were grown under conditions uch that 
the top CdF2:rich region is absent and films in which this 
top layer was carefully etched off are oxidized rapidly 
upon exposure to room ambient. 
Experimental Details 
The Hgl_=Cd~Te wafers to be anodically fluoridized were 
grown by solid-state recrystallization. They were single- 
crystalline n-type samples of random crystallographic ori- 
entation with x -  0.22. Before anodization the samples 
were degreased in trichloroethane, acetone, and 2-prop- 
anol and oxide stripped in 15% volume (v/o) lactic acid. 
Roughly 8000/k of the Hgl_~Cd=Te and previous anodic 
films were etched, using 0.12 v/o bromine-methanol s lu- 
tion, after which the samples were thoroughly rinsed in 
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